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Abstract We analyzed the major and rare earth element compositions of siliceous de-
posits from the Upper Devonian Liujiang Formation, Lower Carboniferous Luzhai Formation, 
Lower-Middle Permian Sidazhai Formation and Tapi Formation, which are widely distributed 
as bedded cherts in the interplatform basinal successions of the Youjiang Basin. The Liujiang 
Formation and Luzhai Formation cherts generally have high Al/(Al+Fe+Mn) values (0.38-0.94)
and are non-hydrothermal cherts. These cherts are generally characterized by moderately 
negative Ce anomalies and high Y/Ho values relatived to PAAS, indicating that the Youjiang 
Basin might have evolved into an open rift basin during the Late Devonian-Early Carbonifer-
ous. The Sidazhai Formation cherts from Ziyun generally have high Al/(Al+Fe+Mn) values 
(0.60-0.78), suggesting negligible contribution from a hydrothermal component. The Sidazhai 
Formation cherts from Hechi and the Tapi Formation cherts from Malipo generally have low 
Al/(Al+Fe+Mn) values (0.09-0.41), indicating an intense hydrothermal input. Relatived to the 
Sidazhai Formation cherts, the Tapi Formation cherts have higher Ce/Ce* values (0.68±0.19) 
and lower Y/Ho values (41.83±13.27), which may be affected by the terrigenous input from 
the Vietnam Block. The Sidazhai Formation cherts from Ziyun and Hechi exhibit negative 
Ce anomalies (0.43±0.12, 0.33±0.17, respectively) with high Y/Ho values (57.44±16.20, 
46.02±4.27, respectively), resembling the geochemical characteristics of open-ocean basin 
cherts. These cherts were deposited on a passive continental margin adjacent to the Babu 
branch ocean, which may have contributed to upwelling. Detailed spatial studies on geochemi-
cal characteristics of the Late Paleozoic cherts can unravel the evolution of the Youjiang Basin.
Key words Late Paleozoic, chert, Liujiang Formation, Luzhai Formation, Sidazhai For-
mation, Tapi Formation, basin evolution, Youjiang Basin, Yangtze Block, Vietnam Block
1 Introduction *
Major elements (especially TiO2, Al2O3 and Fe2O3) and 
rare earth elements (REEs) of cherts, because of their im-
* Corresponding author. Email: duyuansheng126@126.com.
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mobility during diagenesis (Murray et al., 1992a), can re-
flect minor constituents such as hydrothermal precipitates, 
volcanic detritus, and terrigenous clasts, and hence are a 
key indicator to assess the depositional environment (Sug-
isaki et al., 1982; Adachi et al., 1986; Yamamoto, 1987; 
Murray et al., 1990; Murray, 1994; Kato and Nakamura, 
2003; Chen et al., 2006; Yu et al., 2009). Siliceous deposits 
are widely distributed in accretionary complexes and inter-
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platform basinal succesions of the Paleozoic and Mesozoic 
(Shimizu et al., 2001; Kametaka et al., 2005), as well as 
in modern deep-marine sediments (Moore Jr, 2008). Bed-
ded cherts in accretionary complexes are considered to be 
deposited on the open-ocean floor and accreted along the 
continental margin (Matsuda and Isozaki, 1991; Kametaka 
et al., 2005). Most discussions about the geochemical fea-
tures of cherts tend to focus on accretionary complexes 
(Murray et al., 1991; Girty et al., 1996; Armstrong et al.,
1999; Owen et al., 1999; Du et al., 2007; Hara et al., 2010) 
and modern deep-marine sediments (Murray et al., 1992a, 
1992b). Only a few studies have analyzed the geochemical 
features of cherts deposited in interplatform basins (Kam-
etaka et al., 2005; Chen et al., 2006; Wang et al., 2012). 
In addition, previous studies of cherts mainly focused on 
their origin or depositional environment and few studies 
examined the evolutionary processes of basins. Therefore, 
we have investigated the Late Paleozoic cherts distributed 
in interplatform basinal successions in the Youjiang Basin 
in order to better understand the evolution of the basin. 
The Youjiang Basin is located in the conjoining part of 
West Guangxi, South Guizhou and East Yunnan and was a 
continental margin basin between the Yangtze Block and 
the Vietnam Block (Fig. 1). The basin is characterized by 
Devonian-Middle Triassic marine deposits associated 
with pre-Devonian basement rocks. Previous research-
ers considered that the Youjiang Basin was a part of the 
Yangtze Platform during the Late Paleozoic due to the 
extensive thick Middle Triassic clastic rocks distributed 
in the basin and the scarce shallow-water carbonate suc-
cessions. However, discoveries of deep-water sediments, 
marine basalts and ophiolites indicate that the Youjiang 
Basin may have evolved into an open-ocean basin as a part 
of the Paleo-Tethys coinciding with the Late Paleozoic 
rifting (Wang et al., 1997; Wu et al., 1997; Zhong et al.,
1999; Wu, 2003; Guo et al., 2004; Huang et al., 2013). 
Many studies on the sedimentary facies, palaeogeography 
and geochemistry of the basalts have documented that 
the basin was an extensional tectonic environment during 
the Late Paleozoic (Chen et al., 2001; Dong et al., 2002; 
Liu et al., 2002; Guo et al., 2004; Shi et al., 2006; Mei 
and Tucker, 2013). After the Kwangsian Orogeny (Chen 
et al., 2010), the progressive rifting and a northeastward 
transgression led to the deposition of shallow-water car-
bonates on carbonate platforms and deep-water sediments 
(cherts, mudstones and carbonates) in troughs during the 
Late Paleozoic (Chen et al., 2001, 2006; Fig. 2). Although 
the geochemistry of cherts could also be used to reflect 
the evolutionary process of the basin, studies of the Late 
Paleozoic cherts in the Youjiang Basin were mainly about 
the origin of cherts (Chen and Chen, 1989; Chen and Zeng, 
1989; Zhou, 1990; Wang et al., 2007). In this paper, we ex-
amine the geochemical features of cherts in different areas 
and discuss the evolution of the Youjiang Basin during the 
Late Paleozoic.
2 Geological setting
During the early Middle Devonian, an extensive car-
bonate platform was broken up through extension to form 
a complex pattern of platforms and interplatform basins 
(Chen et al., 2001). In the Youjiang Basin, cherts were ini-
tially deposited only at Badu during the late Early Devo-
nian (Kuang and Wu, 2002; Huang et al., 2013). During 
the early Late Devonian, Early Carboniferous and Lower-
Middle Permian, cherts along with carbonates and mud-
stones were mainly deposited in the interplatform basins 
(Du et al., 2013). 
Our sections are located in the northeast and southwest 
of the Youjiang Basin (Fig. 2). The early Late Devonian 
samples were collected from the Liujiang Formation at 
Yanxin and Yutang in Napo, Longyin in Puan, and Luofu 
in Nandan. The black thin-bedded cherts of the Liujiang 
Formation are mainly interbedded with argillaceous lime-
stones or mudstones (Fig. 3a). The Helenifore robustum
radiolarian fauna, discovered in the Liujiang Formation 
cherts at Ziyun and Malipo, indicate that these cherts were 
formed in the early Late Devonian (Frasnian) (Wang et al.,
2003; Ren et al., 2011). The Early Carboniferous samples 
were collected from the Luzhai Formation at Longyin in 
Puan, Huohong in Ziyun, and Luofu in Nandan. The Lu-
zhai Formation consists of thin-bedded mudstones, cherts 
and limestones (Fig. 3b) and lies conformably on the Up-
per Devonian Wuzhishan Formation. The Lower-Middle
Permian samples were collected from the Sidazhai Forma-
tion at Sidazhai in Ziyun and Jiuxu in Hechi, and Tapi For-
mation at Hongyan in Malipo. The Sidazhai Formation is 
widely distributed in the Youjiang Basin and mainly con-
tains dark-grey limestones and black cherts (Fig. 3c). The 
Tapi Formation has only been discovered at Hongyan in 
Malipo, in the southwest of the Youjiang Basin. The lower 
part of the Tapi Formation mainly contains limestones, 
whereas the upper part contains thin-bedded radiolarian 
cherts and mudstones. The Tapi Formation overlain and 
underlain at Hongyan in Malipo by faults. The Tapi For-
mation is similar to the stratigraphic sequence on the top 
of the Babu ophiolites at Malipo, which may represent the 
upper and marginal oceanic crust (Wu et al., 1999; Feng 
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and Liu, 2002). The Babu ophiolites consist of three parts 
(Zhong et al., 1999): The lower part consists of tectonic 
lenses of serpentinite and pyroxenite; the middle part is 
composed of gabbro with some diabase dykes; the upper 
part consists of basalts and cherts. The thin-bedded cherts 
interbedded with mudstones on the top of basalts at Xini-
ubao in Babu contain Early Permian radiolarians (Feng 
and Liu, 2002). 
3 Sampling and analytical methodology
We collected 83 chert samples (including 13 siliceous 
limestone samples) from different sections (Fig. 4) for 
analysis of major and rare earth elements composition. 
All samples were crushed in a corundum jaw crusher (to 
60 mesh). And about 60 g was powdered in an agate ring 
mill to less than 200 mesh. Major element analysis was 
measured using a XRF-1800 spectrometer at the State 
Key Laboratory of Biogeology and Environmental Geol-
ogy, China University of Geosciences (Wuhan). Rare earth 
elements were analyzed at the State Key Laboratory of 
Geological Processes and Mineral Resources, China Uni-
versity of Geosciences (Wuhan), using an Agilent 7500a 
ICP-MS. Methods for preparing samples by ICP-MS
analyses include the following steps: (1) About 50 mg sam-
ple powder was weighed into a Teflon bomb; (2) 1.5 mL 
HNO3 and 1.5 mL HF were added and the sealed bomb 
was heated at 195℃ in oven for 48 h; (3) Open the bomb 
and evaporate the solution at about 120℃ to dryness and 
then add 2% HNO3 to dilute the solution to 1:2000 in the 
Teflon bombs. The detailed sample-digesting procedure 
for ICP-MS analyses and analytical precision and accu-
racy for trace elements are the same as those described by 
Liu et al. (2008). 
Major and rare earth element data are listed in Table 1 
and Table 2, respectively. The average elemental concen-
trations with standard deviations (±σ) of each formation in 
eight sections are given in Table 3. The standard deviation 
Fig. 1 Tectonic framework of the Youjiang Basin (after Cai and Zhang, 2009; Du et al., 2009; Huang et al., 2013).
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Fig. 2 Palaeogeographic reconstruction of the Youjiang Basin during the Late Devonian (after Chen et al., 2001; Chen and Tucker, 
2003).
(S) of samples from the formation in the section are calcu-
lated from:
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-/ , where “X ” represents the
elemental concentrations of each sample, “M ” represents 
the average elemental concentrations of all samples, and 
“n” represents the number of samples. Cerium anomalies 
(Ce/Ce*) were calculated from: Ce/Ce*=2×CeN/(LaN+PrN)
(Kato et al., 2002), using shale PAAS-nomalized abun-
dances (McLennan, 1989).
4 Results
4.1 Liujiang Formation
The Liujiang Formation cherts mainly consist of 
cryptocrystalline quartz (90%-98%) and black organic 
matter (2%-10%) with small amounts of clay miner-
als (0%-5%) (Fig. 3d). Thus, the average SiO2 contents 
of cherts from Nandan, Yanxin and Yutang in Napo are 
high (94.20%±5.43%, 98.29%±1.19% and 95.49%±3.96%,
respectively). The cherts from Puan have lower SiO2
contents (90.25%±5.58%), associated with their higher 
percentage of calcite and lower percentage of cryptocrys-
talline quartz. The average TiO2 contents of all cherts are 
similar and low (0.04%-0.08%). The cherts from Yanxin 
in Napo have lower Al2O3 and Fe2O3 (0.46%±0.16% and 
0.25%±0.07%, respectively) relative to other sections.
The REE+Y patterns normalized to PAAS of the Liuji-
ang Formation cherts are given in Figure 5. The REE pat-
terns of cherts from Puan, Nandan and Yutang in Napo are 
mostly HREE-enriched, with (La/Yb)N values (0.58±0.16, 
0.50±0.49 and 0.59±0.35, respectively) less than 1. Sample 
Od9 shows an upward convex pattern with relative enrich-
ment of P2O5 (0.64%), which may be related to a signifi-
cant contribution from phosphate minerals. The REE pat-
terns of cherts from Yanxin in Napo are generally flat with 
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Fig. 3 Outcrop photos and photomicrographs of the Late Paleozoic cherts of the Youjiang Basin. a-The Liujiang Formation black 
thin-bedded cherts interbedded with mudstones at Luofu in Nandan. b-The Luzhai Formation thin-bedded cherts interbedded with 
mudstones and limestones at Luofu in Nandan. c-The Sidazhai Formation black thin-bedded cherts interbedded with dark-grey lime-
stones at Sidazhai in Ziyun. d-The Liujiang Formation chert (sample D31) at Luofu in Nandan composed of cryptocrystalline quartz 
(CQ) and black organic matter (BO); perpendicular polarized light. e-The Luzhai Formation chert (sample C2) at Luofu in Nandan 
composed of radiolarian fossils; plane polarized light. f-The Sidazhai Formation chert (sample Ps6) at Jiuxu in Hechi composed of 
cryptocrystalline quartz (CQ) and calcite (CA); perpendicular polarized light.
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Fig. 4 Late Paleozoic stratigraphic columns from the Youjiang Basin.
higher (La/Yb)N values (0.99±0.33). Almost all samples 
show negative Ce anomalies and positive Y anomalies (ex-
cept for samples D45-3 and D45-4). The Ce/Ce* values 
of cherts from Yanxin and Yutang in Napo are 0.59±0.13 
and 0.64±0.12, respectively, lower than those from Puan 
and Nandan (Ce/Ce*=0.72±0.08 and 0.78±0.11, respec-
tively). No obvious Eu anomalies are present in all sam-
ples (Fig. 5). The total REE contents (∑REE+Y) of cherts 
from Puan, Nandan and Yanxin in Napo are 22.64±23.82 
ppm, 22.24±18.80 ppm and 21.61±11.94 ppm, respec-
tively. The cherts from Yutang in Napo have higher REE 
contents (68.60±45.28 ppm).
4.2 Luzhai Formation
The SiO2 contents of cherts from Puan and Ziyun range 
from 61.02% to 89.76% and 40.17% to 95.04%, respec-
tively. These samples consist of calcite (5%-50%) and 
cryptocrystalline quartz (50%-95%) and contain appreci-
able CaO (up to 30.45%) and loss on ignition (LOI) (up 
to 25.56%), derived from carbonates. The Luzhai For-
mation cherts from Nandan have higher SiO2 contents 
(95.76%±1.70%) and mainly consist of cryptocrystalline 
quartz (50%-98%) or radiolarian fossils (0%-50%) (Fig. 
3e) and black organic matter (0%-2%). The average TiO2
contents of all cherts are similar and low (0.07%-0.08%). 
The cherts from Nandan have lower Al2O3 (1.13%±0.53%)
and higher Fe2O3 (1.20%±0.33%), relative to other sections.
The REE patterns normalized to PAAS of the Luzhai 
Formation cherts are given in Figure 6. The REE pat-
terns of cherts from Puan and Ziyun are generally flat 
with (La/Yb)N values near 1 (1.09±0.43 and 1.08±0.49, 
respectively). The cherts from Nandan have varying 
REE patterns, including flat, slightly LREE-enriched and 
HREE-enriched patterns, with variable (La/Yb)N values 
(0.22-3.96). All samples show negative Ce anomalies 
(Fig. 6). The Ce/Ce* values of cherts from Puan, Ziyun and 
Nandan are 0.60±0.05, 0.74±0.17, and 0.58±0.17. Positive 
Y anomalies are present in cherts from Puan and Ziyun and 
are absent in cherts from Nandan. Moderate to high posi-
tive Eu anomalies are present in some samples from Ziyun 
(Fig. 6b) while other samples show no positive Eu anoma-
lies. All samples have low total REE contents except for 
sample C0. Sample C0 has high REE contents (188 ppm) 
with high MnO contents (0.52%), which may be related to 
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Table 1 Major element data from the Late Paleozoic cherts in the Youjiang Basin
Samples SiO2 TiO2 Al2O3 Fe2O3T MnO MgO CaO Na2O K2O P2O5 LOI Total Al*
Od3 90.02 0.07 1.19 0.48 0.01 0.51 3.11 0.03 0.46 0.03 3.87 99.78 0.65
Od6 97.83 0.03 0.48 0.24 0.00 0.05 0.08 0.00 0.14 0.01 0.88 99.74 0.60
Od6-R 97.63 0.03 0.47 0.25 0.00 0.04 0.08 0.00 0.14 0.01 0.86 99.51 0.59
Od7 84.75 0.06 1.30 0.56 0.01 1.16 5.16 0.01 0.32 0.03 6.63 99.99 0.63
Od8 83.43 0.05 0.94 0.52 0.01 1.23 6.00 0.01 0.26 0.02 7.50 99.97 0.57
Od9 90.77 0.10 1.94 0.78 0.00 0.22 1.92 0.02 0.81 0.64 2.72 99.92 0.65
Od10 94.16 0.04 0.47 0.34 0.00 0.24 1.88 0.00 0.13 0.01 2.68 99.95 0.51
Od11 96.34 0.02 0.31 0.12 0.00 0.37 0.88 0.00 0.11 0.01 1.70 99.86 0.66
Od12 84.67 0.11 3.07 1.08 0.01 0.53 3.83 0.01 1.26 0.04 5.39 100.0 0.68
Oc1a 61.02 0.07 1.70 0.44 0.00 0.17 19.25 0.02 0.43 0.03 16.59 99.72 0.75
Oc2 87.75 0.10 2.12 0.63 0.00 0.20 3.08 0.02 0.49 0.04 5.53 99.96 0.72
Oc3 87.32 0.05 0.96 0.26 0.00 0.07 5.14 0.02 0.21 0.02 5.91 99.96 0.74
Oc4 89.76 0.11 2.54 0.60 0.00 0.21 1.67 0.02 0.60 0.02 4.46 99.99 0.76
Oc4-R 89.64 0.11 2.54 0.60 0.00 0.22 1.67 0.03 0.60 0.02 4.50 99.93 0.76
Oc5a 71.54 0.10 2.15 0.40 0.00 0.20 12.98 0.00 0.50 0.02 12.15 100.0 0.80
Oc-6 81.19 0.07 1.62 0.64 0.01 0.28 7.99 0.05 0.24 0.04 7.80 99.93 0.65
Oc-7 82.19 0.05 1.31 0.56 0.01 0.23 7.90 0.05 0.18 0.04 7.45 99.97 0.63
D23 97.30 0.03 0.38 1.23 0.01 0.02 0.03 0.00 0.10 0.02 0.58 99.70 0.19
D26 97.65 0.03 0.39 1.23 0.01 0.02 0.02 0.00 0.10 0.02 0.64 100.1 0.19
D29 98.43 0.03 0.45 0.87 0.01 0.03 0.07 0.00 0.12 0.02 0.26 100.3 0.28
D30 94.25 0.09 2.02 0.85 0.00 0.11 0.03 0.00 0.46 0.33 2.27 100.4 0.64
D31 96.55 0.05 0.90 0.72 0.00 0.04 0.56 0.00 0.23 0.42 0.71 100.2 0.49
D31-R 95.94 0.05 0.86 0.72 0.00 0.04 0.54 0.00 0.21 0.42 0.77 99.55 0.47
D32 98.19 0.04 0.65 0.78 0.01 0.04 0.09 0.00 0.17 0.06 0.22 100.3 0.38
D33 97.33 0.05 0.73 0.73 0.01 0.05 0.47 0.00 0.19 0.32 0.31 100.2 0.43
D34 97.56 0.05 0.80 0.36 0.00 0.06 0.55 0.00 0.21 0.37 0.14 100.1 0.63
D35 96.29 0.05 0.94 0.81 0.01 0.05 0.93 0.00 0.24 0.66 0.44 100.4 0.46
D36 95.38 0.09 2.16 0.87 0.02 0.25 0.05 0.00 0.47 0.03 0.80 100.1 0.65
D37 96.09 0.07 1.49 0.68 0.02 0.11 0.42 0.03 0.37 0.29 0.72 100.3 0.62
D45-1 83.12 0.16 3.48 1.17 0.03 0.84 4.72 0.00 0.90 0.04 5.89 100.4 0.69
D45-3 82.84 0.13 2.90 0.99 0.04 0.64 5.46 0.00 0.78 0.04 6.56 100.4 0.68
D45-4 87.82 0.18 4.11 1.77 0.01 1.03 1.32 0.00 1.03 0.05 3.05 100.4 0.64
C0 95.65 0.04 1.23 1.33 0.52 0.08 0.20 0.01 0.03 0.16 1.19 100.4 0.33
C1 95.47 0.07 1.29 1.10 0.02 0.27 0.59 0.04 0.29 0.02 0.69 99.85 0.47
C2 93.70 0.04 1.45 1.66 0.02 0.82 0.73 0.00 0.13 0.02 1.19 99.76 0.39
C4 95.57 0.17 1.49 1.16 0.03 0.47 0.05 0.00 0.27 0.01 0.67 99.89 0.49
C5 98.43 0.03 0.20 0.77 0.01 0.02 0.04 0.00 0.07 0.01 0.00 99.58 0.16
Hhg18a 77.31 0.00 0.70 0.40 0.01 0.03 11.61 0.01 0.26 0.05 9.65 100.0 0.56
Hhg17 95.04 0.00 2.01 0.67 0.00 0.05 0.11 0.02 0.98 0.04 1.02 99.94 0.69
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Samples SiO2 TiO2 Al2O3 Fe2O3T MnO MgO CaO Na2O K2O P2O5 LOI Total Al*
Hhg12-2 86.35 0.10 2.16 0.96 0.02 0.47 4.20 0.01 0.99 0.03 4.72 100.0 0.62
Hhg12-1a 40.17 0.07 1.82 0.88 0.09 0.25 30.45 0.00 0.97 0.03 25.56 100.3 0.58
Hhg11a 50.16 0.10 3.08 1.03 0.09 0.50 23.65 0.03 1.51 0.03 19.95 100.1 0.67
Hhg10a 45.25 0.09 2.07 1.21 0.10 0.64 27.22 0.02 0.92 0.04 22.59 100.2 0.54
Hhg7 92.62 0.12 2.48 0.26 0.00 0.15 0.07 0.06 0.39 0.01 3.85 100.0 0.88
Hhg5 85.68 0.08 1.91 0.36 0.00 0.10 4.37 0.03 0.36 0.02 7.14 100.1 0.80
Hhg2a 79.19 0.14 2.93 0.73 0.01 0.16 7.79 0.04 0.56 0.07 8.41 100.0 0.75
Hhg1a 79.83 0.03 0.25 0.07 0.01 0.61 10.24 0.00 0.06 0.06 8.83 99.99 0.70
Sdg1a 69.08 0.03 0.57 0.77 0.02 0.19 16.25 0.03 0.06 0.01 12.82 99.83 0.35
Sdg2 92.86 0.02 0.28 0.06 0.00 0.01 3.45 0.02 0.05 0.01 3.20 99.96 0.78
Sdg2-R 92.69 0.03 0.28 0.06 0.00 0.01 3.44 0.02 0.05 0.01 3.36 99.95 0.78
Sdg5a 79.08 0.02 0.16 0.26 0.01 0.22 11.36 0.02 0.02 0.02 8.81 99.98 0.31
Sdg6 89.86 0.02 0.14 0.04 0.00 0.12 5.24 0.00 0.04 0.01 4.50 99.97 0.73
Sdg8-1a 27.42 0.03 0.47 0.20 0.00 0.46 39.71 0.00 0.18 0.02 31.64 100.1 0.64
Sdg8-2 93.77 0.02 0.12 0.06 0.00 0.04 3.17 0.01 0.04 0.00 2.73 99.96 0.60
Sdg8-3a 13.85 0.03 0.44 0.12 0.01 0.31 47.83 0.01 0.14 0.01 37.24 99.99 0.72
Sdg-9 89.93 0.03 0.35 0.12 0.00 0.05 5.12 0.01 0.12 0.01 4.25 99.99 0.69
Sdg11 98.71 0.02 0.16 0.05 0.00 0.02 0.11 0.01 0.05 0.01 0.86 100.0 0.71
Sdg12 87.80 0.02 0.26 0.10 0.00 0.15 5.99 0.02 0.09 0.01 5.58 100.0 0.66
Ps1 94.60 0.04 0.57 0.62 0.00 0.07 1.68 0.00 0.19 0.01 1.77 99.55 0.41
Ps2a 68.16 0.05 0.75 0.44 0.00 0.67 16.13 0.00 0.22 0.02 13.30 99.74 0.56
Ps3 82.22 0.04 0.64 0.53 0.00 0.38 8.77 0.00 0.19 0.01 6.68 99.46 0.48
Ps4 92.42 0.03 0.19 0.88 0.01 0.46 2.66 0.00 0.08 0.01 2.81 99.55 0.14
Ps5a 59.34 0.04 0.33 0.36 0.00 1.80 20.40 0.00 0.13 0.02 17.92 100.3 0.41
Ps6 94.36 0.02 0.08 0.58 0.00 0.59 1.98 0.00 0.05 0.01 2.24 99.91 0.09
Ps7 90.64 0.02 0.08 0.52 0.00 0.81 4.24 0.00 0.07 0.01 3.99 100.4 0.10
Dy2 95.91 0.04 0.67 0.33 0.00 0.09 0.53 0.01 0.25 0.04 2.40 100.3 0.61
Dy4 98.98 0.05 0.33 0.31 0.00 0.06 0.04 0.00 0.10 0.01 0.45 100.3 0.45
Dy5 98.80 0.05 0.36 0.28 0.00 0.05 0.02 0.01 0.10 0.01 0.50 100.2 0.49
Dy6 98.71 0.04 0.40 0.16 0.00 0.05 0.25 0.01 0.11 0.15 0.44 100.3 0.65
Dy9 98.31 0.05 0.65 0.24 0.00 0.08 0.04 0.00 0.20 0.05 0.73 100.4 0.67
Dy12 99.03 0.02 0.35 0.17 0.00 0.05 0.06 0.00 0.11 0.05 0.39 100.2 0.61
Dnt1 98.13 0.05 0.98 0.05 0.00 0.09 0.02 0.02 0.18 0.02 0.55 100.1 0.94
Dnt2 97.90 0.05 0.87 0.07 0.00 0.08 0.03 0.01 0.16 0.01 0.50 99.68 0.90
Dnt3 97.68 0.07 1.15 0.23 0.00 0.11 0.02 0.00 0.22 0.03 0.64 100.2 0.79
Dnt4 97.64 0.05 1.27 0.07 0.00 0.12 0.02 0.01 0.22 0.01 0.67 100.1 0.93
Dnt5 97.49 0.06 1.26 0.08 0.00 0.13 0.03 0.00 0.22 0.02 0.67 99.96 0.92
Dnt8 88.55 0.09 4.57 1.98 0.01 0.39 0.04 0.07 2.07 0.04 1.95 99.76 0.63
Table 1 Continued
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Samples SiO2 TiO2 Al2O3 Fe2O3T MnO MgO CaO Na2O K2O P2O5 LOI Total Al*
Dnt9 91.05 0.13 3.63 1.19 0.02 0.45 0.06 0.14 2.02 0.04 1.13 99.86 0.69
Pd1 99.25 0.02 0.10 0.21 0.00 0.01 0.02 0.00 0.03 0.03 0.28 99.95 0.26
Pd3 97.05 0.05 0.91 1.13 0.01 0.29 0.04 0.00 0.19 0.04 0.58 100.3 0.38
Pd4 98.57 0.03 0.27 0.75 0.00 0.03 0.02 0.00 0.03 0.05 0.48 100.2 0.21
Pd5 98.15 0.02 0.12 0.38 0.00 0.01 0.24 0.00 0.04 0.19 0.37 99.52 0.19
Pd8 97.33 0.06 1.04 0.66 0.05 0.16 0.03 0.00 0.38 0.02 0.45 100.2 0.52
Pd9 94.73 0.02 0.17 0.42 0.00 0.02 2.14 0.00 0.05 1.62 0.42 99.59 0.23
Pd10 97.74 0.04 0.47 0.36 0.00 0.08 0.19 0.00 0.14 0.14 0.35 99.51 0.50
Pd13 98.40 0.02 0.28 0.37 0.00 0.05 0.21 0.00 0.09 0.14 0.48 100.0 0.36
Pd14 98.52 0.02 0.30 0.35 0.00 0.03 0.18 0.00 0.12 0.08 0.58 100.2 0.39
Fe2O3T=Total Fe, Al*=Al/(Al+Fe+Mn), R-Replicate run, a-Siliceous carbonate 
Table 2 Rare earth element data from the Late Paleozoic cherts in the Youjiang Basin
Samples La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Ce/Ce* (La/Yb)N Y/Ho
Od3 5.99 6.64 1.28 5.20 1.04 0.22 1.12 0.17 1.11 0.25 0.71 0.10 0.63 0.10 8.35 0.55 0.70 33.76
Od6 0.61 0.98 0.14 0.56 0.12 0.04 0.10 0.02 0.10 0.02 0.08 0.01 0.08 0.02 1.24 0.76 0.58 52.70
Od6-R 0.64 0.99 0.14 0.54 0.12 0.04 0.12 0.02 0.12 0.03 0.09 0.01 0.10 0.02 1.30 0.75 0.49 51.28
Od7 2.91 4.16 0.65 2.48 0.45 0.10 0.48 0.08 0.51 0.11 0.34 0.05 0.37 0.05 3.91 0.70 0.58 36.28
Od8 2.63 4.49 0.75 3.09 0.51 0.14 0.47 0.08 0.51 0.11 0.35 0.05 0.35 0.04 3.94 0.73 0.55 34.49
Od9 7.87 13.4 2.52 13.7 4.85 0.97 5.16 0.68 3.51 0.62 1.33 0.14 0.69 0.09 20.5 0.68 0.84 33.10
Od10 0.98 1.55 0.22 0.78 0.18 0.04 0.19 0.03 0.19 0.04 0.13 0.02 0.13 0.02 1.63 0.78 0.55 43.92
Od11 0.65 0.98 0.13 0.54 0.17 0.04 0.16 0.03 0.14 0.03 0.08 0.01 0.09 0.01 1.24 0.76 0.55 43.39
Od12 1.77 4.74 0.87 4.99 1.44 0.29 1.08 0.18 1.02 0.20 0.54 0.07 0.50 0.07 5.73 0.83 0.26 29.33
Oc1a 7.00 7.33 1.50 6.22 1.28 0.32 1.29 0.20 1.28 0.28 0.85 0.12 0.70 0.10 10.8 0.52 0.73 38.38
Oc2 7.30 7.29 1.12 4.26 0.89 0.20 0.89 0.13 0.73 0.15 0.42 0.06 0.34 0.05 5.27 0.58 1.57 34.25
Oc3 6.24 7.65 1.17 4.50 0.76 0.14 0.70 0.11 0.65 0.14 0.40 0.05 0.36 0.05 4.91 0.65 1.29 35.31
Oc4 8.70 10.1 1.39 4.61 0.70 0.15 0.61 0.10 0.61 0.13 0.40 0.05 0.37 0.05 4.07 0.66 1.74 31.50
Oc4-R 8.80 10.3 1.42 4.74 0.73 0.15 0.64 0.10 0.63 0.13 0.38 0.06 0.38 0.05 4.07 0.66 1.71 31.96
Oc5a 8.87 10.5 1.97 7.76 1.48 0.26 1.29 0.22 1.37 0.30 0.85 0.12 0.81 0.11 9.55 0.58 0.81 32.12
Oc-6 8.40 11.0 1.98 8.09 1.96 0.38 1.87 0.27 1.54 0.31 0.85 0.11 0.75 0.11 10.2 0.62 0.82 33.30
Oc-7 7.02 9.28 1.72 7.22 1.77 0.37 1.82 0.26 1.49 0.30 0.84 0.12 0.73 0.10 10.3 0.62 0.71 34.65
D23 0.70 1.26 0.23 0.98 0.22 0.05 0.25 0.04 0.30 0.07 0.26 0.05 0.31 0.05 2.48 0.71 0.17 34.93
D26 1.26 2.44 0.49 2.33 0.62 0.14 0.77 0.11 0.61 0.13 0.31 0.04 0.31 0.05 3.46 0.69 0.30 26.62
D29 0.20 0.35 0.05 0.27 0.07 0.03 0.13 0.03 0.21 0.06 0.24 0.04 0.33 0.05 2.93 0.78 0.04 47.26
D30 4.94 9.16 1.52 6.53 1.54 0.32 1.55 0.24 1.33 0.27 0.75 0.11 0.74 0.11 8.92 0.76 0.49 33.04
D31 2.16 2.98 0.56 2.35 0.52 0.12 0.57 0.09 0.61 0.13 0.42 0.06 0.39 0.06 4.87 0.62 0.41 37.46
D31-R 2.01 2.89 0.54 2.27 0.46 0.11 0.55 0.09 0.56 0.12 0.39 0.06 0.38 0.06 4.56 0.64 0.39 37.80
Table 1 Continued
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Samples La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Ce/Ce* (La/Yb)N Y/Ho
D32 0.44 0.77 0.15 0.62 0.16 0.04 0.19 0.03 0.22 0.05 0.17 0.03 0.19 0.03 1.70 0.68 0.17 34.69
D33 1.47 2.39 0.43 1.83 0.39 0.10 0.47 0.07 0.45 0.10 0.30 0.04 0.27 0.04 3.94 0.69 0.40 40.20
D34 1.44 2.78 0.43 1.82 0.40 0.10 0.49 0.08 0.49 0.10 0.27 0.04 0.26 0.04 3.44 0.81 0.41 35.46
D35 2.99 4.67 0.78 3.31 0.80 0.18 0.85 0.14 0.85 0.19 0.56 0.08 0.44 0.08 7.59 0.70 0.50 39.95
D36 0.39 0.73 0.10 0.34 0.11 0.03 0.14 0.03 0.26 0.07 0.26 0.05 0.33 0.05 2.62 0.89 0.09 36.90
D37 2.09 3.82 0.61 2.66 0.69 0.14 0.76 0.12 0.74 0.16 0.44 0.07 0.40 0.06 5.81 0.78 0.38 36.31
D45-1 6.99 13.1 1.66 6.25 1.17 0.21 1.06 0.16 0.94 0.21 0.63 0.09 0.63 0.09 6.54 0.89 0.81 31.14
D45-3 8.47 17.9 2.16 8.19 1.56 0.27 1.48 0.23 1.37 0.28 0.76 0.11 0.66 0.09 8.79 0.96 0.94 31.39
D45-4 12.6 25.6 2.98 11.0 2.08 0.34 1.57 0.19 0.89 0.17 0.49 0.07 0.47 0.07 4.79 0.96 1.97 28.18
C0 42.3 40.6 7.90 32.2 6.97 1.68 7.14 1.12 6.38 1.18 3.23 0.48 3.13 0.44 33.4 0.51 0.99 28.28
C1 9.18 13.0 1.91 6.48 0.93 0.14 0.56 0.06 0.27 0.05 0.16 0.03 0.17 0.03 1.50 0.72 3.96 27.78
C2 1.25 1.06 0.47 2.47 0.94 0.23 1.13 0.17 0.88 0.17 0.43 0.06 0.41 0.06 4.74 0.31 0.22 27.88
C4 6.31 9.17 1.46 5.96 1.62 0.40 1.99 0.37 2.46 0.52 1.43 0.21 1.34 0.21 15.9 0.70 0.35 30.63
C5 0.91 1.42 0.27 1.12 0.24 0.06 0.25 0.04 0.16 0.04 0.09 0.01 0.08 0.01 1.00 0.66 0.89 28.57
Hhg18a 3.39 5.29 0.81 3.18 0.66 1.12 0.61 0.10 0.62 0.12 0.34 0.05 0.30 0.05 5.18 0.74 0.82 41.84
Hhg17 3.70 3.34 0.76 3.14 0.66 1.14 0.59 0.09 0.58 0.11 0.30 0.04 0.29 0.05 5.32 0.46 0.94 48.08
Hhg12-2 2.38 4.84 0.63 2.67 0.56 0.24 0.51 0.08 0.48 0.09 0.25 0.04 0.26 0.04 3.98 0.91 0.67 42.34
Hhg12-1a 10.3 17.3 2.14 8.10 1.48 0.39 1.45 0.23 1.30 0.28 0.72 0.10 0.64 0.09 8.88 0.85 1.19 31.99
Hhg11a 8.99 16.4 1.95 7.43 1.38 0.41 1.41 0.22 1.33 0.27 0.73 0.11 0.67 0.10 8.52 0.90 0.98 31.95
Hhg10a 10.8 21.1 2.57 9.69 1.89 0.47 1.74 0.29 1.61 0.32 0.84 0.12 0.74 0.11 10.6 0.93 1.07 32.81
Hhg7 5.83 6.11 0.91 2.74 0.23 0.06 0.17 0.03 0.19 0.04 0.16 0.02 0.19 0.03 1.69 0.60 2.31 42.12
Hhg5 5.09 7.94 1.14 4.37 0.75 0.19 0.83 0.15 0.91 0.22 0.60 0.09 0.51 0.08 8.03 0.76 0.72 37.10
Hhg2a 20.5 25.3 3.49 13.0 2.23 0.46 2.24 0.35 2.11 0.42 1.23 0.17 1.08 0.17 16.5 0.68 1.39 39.32
Hhg1a 4.76 4.78 0.88 3.55 0.70 0.48 0.95 0.15 0.94 0.22 0.61 0.08 0.52 0.08 11.9 0.54 0.68 55.16
Sdg1a 7.14 7.80 1.66 7.08 1.43 0.30 1.42 0.23 1.31 0.24 0.71 0.09 0.60 0.08 10.5 0.52 0.88 43.74
Sdg2 3.88 2.74 0.79 3.24 0.65 0.13 0.65 0.10 0.66 0.12 0.36 0.05 0.29 0.05 6.69 0.36 0.98 53.73
Sdg2-R 3.87 2.71 0.77 3.21 0.59 0.12 0.68 0.11 0.65 0.13 0.35 0.05 0.30 0.04 6.62 0.36 0.95 49.70
Sdg5a 4.83 4.79 1.28 5.39 1.12 0.21 1.00 0.15 0.84 0.18 0.45 0.06 0.35 0.05 7.88 0.44 1.01 44.82
Sdg6 1.36 1.74 0.35 1.38 0.29 0.05 0.30 0.05 0.27 0.05 0.14 0.02 0.13 0.02 3.01 0.58 0.74 57.21
Sdg8-1a 5.16 5.33 1.08 4.42 0.86 0.19 1.03 0.17 1.04 0.21 0.59 0.08 0.52 0.07 9.91 0.52 0.73 46.85
Sdg8-2 0.81 0.83 0.18 0.69 0.15 0.03 0.18 0.03 0.18 0.04 0.11 0.01 0.10 0.01 2.81 0.51 0.57 78.59
Sdg8-3a 19.4 19.0 4.00 16.6 3.35 0.67 3.64 0.58 3.46 0.69 1.90 0.25 1.45 0.21 29.2 0.50 0.98 42.11
Sdg-9 2.12 1.52 0.41 1.66 0.32 0.07 0.35 0.06 0.35 0.07 0.20 0.03 0.17 0.03 4.50 0.38 0.93 62.58
Sdg11 2.28 0.71 0.41 1.72 0.40 0.10 0.58 0.10 0.75 0.19 0.55 0.07 0.36 0.06 17.1 0.17 0.46 91.54
Sdg12 2.22 1.43 0.49 1.97 0.40 0.11 0.45 0.08 0.45 0.10 0.29 0.04 0.25 0.04 5.21 0.32 0.66 53.25
Ps1 28.7 3.11 4.55 17.7 2.68 0.49 3.15 0.44 2.51 0.58 1.58 0.21 1.15 0.17 29.1 0.06 1.83 50.10
Ps2a 7.10 4.28 1.65 6.82 1.37 0.35 1.58 0.23 1.35 0.28 0.71 0.10 0.57 0.08 11.2 0.29 0.91 40.04
Ps3 3.73 2.76 0.82 3.33 0.64 0.12 0.68 0.11 0.67 0.13 0.33 0.05 0.31 0.05 5.54 0.36 0.88 42.62
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Samples La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Ce/Ce* (La/Yb)N Y/Ho
Ps4 0.50 0.65 0.12 0.48 0.11 0.02 0.12 0.02 0.11 0.02 0.09 0.01 0.07 0.01 1.19 0.61 0.50 51.74
Ps5a 8.32 4.17 1.67 7.14 1.41 0.31 1.53 0.24 1.40 0.30 0.86 0.11 0.68 0.10 13.1 0.26 0.90 43.67
Ps6 0.36 0.26 0.07 0.34 0.11 0.02 0.12 0.02 0.11 0.02 0.07 0.01 0.05 0.01 1.02 0.37 0.50 48.57
Ps7 0.60 0.47 0.13 0.53 0.10 0.02 0.13 0.02 0.10 0.03 0.08 0.01 0.06 0.01 1.18 0.39 0.80 45.38
Dy2 3.97 4.85 0.94 3.74 0.70 0.18 0.70 0.10 0.66 0.12 0.34 0.05 0.30 0.04 5.60 0.58 0.98 45.24 
Dy4 2.81 3.45 0.45 1.64 0.23 0.05 0.21 0.03 0.22 0.04 0.14 0.02 0.15 0.02 2.27 0.69 1.39 51.71 
Dy5 2.50 3.06 0.42 1.46 0.21 0.04 0.21 0.04 0.22 0.04 0.13 0.02 0.14 0.02 2.23 0.68 1.30 55.32 
Dy6 9.00 6.14 1.56 6.44 1.19 0.21 1.37 0.20 1.30 0.26 0.78 0.10 0.70 0.09 14.2 0.37 0.94 53.89 
Dy9 3.65 5.56 0.88 3.54 0.60 0.16 0.60 0.11 0.68 0.15 0.51 0.08 0.55 0.07 6.04 0.72 0.49 39.05 
Dy12 2.68 2.83 0.61 2.44 0.52 0.10 0.49 0.08 0.46 0.09 0.29 0.04 0.23 0.04 7.24 0.51 0.86 83.74 
Dnt1 5.06 6.39 1.16 4.45 0.91 0.18 0.98 0.16 1.15 0.26 0.80 0.12 0.83 0.14 8.36 0.61 0.45 32.70 
Dnt2 5.52 6.82 1.25 4.75 0.95 0.23 1.29 0.23 1.78 0.39 1.22 0.18 1.19 0.17 13.4 0.60 0.34 34.22 
Dnt3 10.2 11.8 2.39 9.54 1.72 0.37 2.10 0.41 3.00 0.68 2.03 0.30 1.91 0.29 23.2 0.55 0.39 34.05 
Dnt4 7.41 8.92 1.69 6.61 1.07 0.23 1.11 0.17 1.03 0.24 0.72 0.11 0.82 0.14 7.80 0.58 0.66 32.32 
Dnt5 8.27 10.2 1.98 7.97 1.59 0.39 2.20 0.46 3.46 0.83 2.51 0.37 2.34 0.33 29.9 0.58 0.26 36.16 
Dnt8 25.4 38.1 6.85 28.2 6.07 1.95 6.49 1.04 5.72 1.11 2.86 0.38 2.36 0.36 37.0 0.66 0.79 33.37 
Dnt9 12.0 22.0 2.72 10.9 2.19 0.53 2.03 0.28 1.55 0.27 0.77 0.12 0.70 0.11 9.02 0.89 1.25 34.01
Pd1 0.32 0.49 0.07 0.29 0.08 0.02 0.06 0.01 0.09 0.02 0.06 0.01 0.08 0.01 1.09 0.75 0.29 64.31
Pd3 3.04 5.53 0.62 2.42 0.43 0.11 0.39 0.06 0.39 0.08 0.22 0.04 0.27 0.04 2.49 0.93 0.84 32.55
Pd4 0.59 0.99 0.15 0.59 0.15 0.03 0.17 0.03 0.22 0.05 0.14 0.03 0.14 0.02 1.60 0.78 0.30 34.25
Pd5 2.90 2.48 0.55 2.43 0.55 0.12 0.61 0.09 0.61 0.13 0.38 0.06 0.41 0.06 4.81 0.45 0.53 35.69
Pd8 3.93 6.44 0.80 2.88 0.60 0.13 0.49 0.07 0.43 0.09 0.25 0.04 0.27 0.04 2.69 0.84 1.06 29.27
Pd9 14.0 8.83 2.44 10.7 2.24 0.67 2.95 0.48 3.00 0.66 1.90 0.27 1.50 0.21 25.1 0.34 0.69 38.05
Pd10 4.67 5.58 0.85 3.48 0.74 0.14 0.76 0.12 0.75 0.16 0.47 0.07 0.41 0.06 6.44 0.64 0.83 39.47
Pd13 4.62 5.38 0.83 3.43 0.71 0.24 0.75 0.12 0.83 0.18 0.51 0.07 0.44 0.06 6.99 0.63 0.77 38.01
Pd14 2.05 2.96 0.43 1.73 0.33 0.15 0.45 0.07 0.45 0.10 0.26 0.05 0.23 0.04 6.40 0.73 0.65 64.85
Table 3 Averages and standard deviations (±1σ) of the Late Paleozoic cherts from different areas in the Youjiang Basin
Puan,
Liujiang 
Fm.
(n=8)
Nandan,
Liujiang 
Fm.
(n=14)
Yanxin, 
Napo,
Liujiang 
Fm.
(n=6)
Yutang, 
Napo,
Liujiang 
Fm.
(n=7)
Puan,
Luzhai
Fm.
(n=7)
Ziyun,
Luzhai Fm.
(n=10)
Nandan,
Luzhai
Fm.
(n=5)
Ziyun,
Sidazhai
Fm.
(n=10)
Hechi,
Sidazhai
Fm.
(n=7)
Malipo,
Tapi 
Fm.
(n=9)
SiO2 90.25±5.58 94.20±5.43 98.29±1.19 95.49±3.96 80.11±10.38 73.16±20.23 95.76±1.70 74.24±29.61 83.11±14.09 97.75±1.32
TiO2 0.06±0.03 0.08±0.05 0.04±0.01 0.07±0.03 0.08±0.02 0.07±0.05 0.07±0.06 0.02±0.01 0.03±0.01 0.03±0.02
Al2O3 1.21±0.92 1.53±1.22 0.46±0.16 1.96±1.49 1.77±0.54 1.94±0.89 1.13±0.53 0.30±0.16 0.38±0.28 0.41±0.34
Fe2O3 0.52±0.31 0.93±0.34 0.25±0.07 0.52±0.76 0.50±0.14 0.66±0.37 1.20±0.33 0.18±0.22 0.56±0.16 0.51±0.28
Ce/Ce* 0.72±0.08 0.78±0.11 0.59±0.13 0.64±0.12 0.60±0.05 0.74±0.17 0.58±0.17 0.43±0.12 0.33±0.17 0.68±0.19
(La/Yb)N 0.58±0.16 0.50±0.49 0.99±0.33 0.59±0.35 1.09±0.43 1.08±0.49 1.28±1.53 0.79±0.19 0.90±0.45 0.66±0.25
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a significant contribution of Fe-Mn oxyhydroxides (Kato 
et al., 2002).
4.3 Sidazhai Formation and Tapi Formation
The Sidazhai Formation samples mainly consist of 
calcite (5%-90%) and cryptocrystalline quartz (10%-
95%) (Fig. 3f). These samples have variable SiO2 contents 
(13.02%-98.71%). The Tapi Formation cherts have high 
SiO2 contents (97.75%±1.32%). All cherts have similar 
TiO2 and Al2O3 contents, lower than those of the Liujiang 
and Luzhai Formations. The Sidazhai Formation cherts 
from Ziyun have lower Fe2O3 contents (0.18%±0.22%)
than those from Hechi (0.56%±0.16%) and Tapi Forma-
tion cherts from Malipo (0.51%±0.28%).
The REE patterns of the Sidazhai Formation and Tapi 
Formation cherts normalized to PAAS are given in Figure 
Puan,
Liujiang 
Fm.
(n=8)
Nandan,
Liujiang 
Fm.
(n=14)
Yanxin, 
Napo,
Liujiang 
Fm.
(n=6)
Yutang, 
Napo,
Liujiang 
Fm.
(n=7)
Puan,
Luzhai
Fm.
(n=7)
Ziyun,
Luzhai Fm.
(n=10)
Nandan,
Luzhai
Fm.
(n=5)
Ziyun,
Sidazhai
Fm.
(n=10)
Hechi,
Sidazhai
Fm.
(n=7)
Malipo,
Tapi 
Fm.
(n=9)
ΣREE+Y 22.64±23.82 22.24±18.80 21.61±11.94 68.60±45.28 37.83±8.70 39.44±23.84 58.43±74.48 29.05±28.56 29.13±33.72 22.17±21.22
Y/Ho 38.37±7.67 35.25±5.27 54.82±15.41 33.83±1.25 34.22±2.28 40.27±7.43 28.63±1.17 57.44±16.20 46.02±4.27 41.83±13.27
Al* 0.62±0.06 0.50±0.18 0.58±0.09 0.83±0.13 0.72±0.06 0.68±0.11 0.37±0.13 0.62±0.16 0.31±0.20 0.34±0.12
Al*=Al/(Al+Fe+Mn)
 Table 3 Continued
Fig. 5 REE+Y patterns of the Liujiang Formation samples normalized to PAAS.
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6. The REE patterns of most samples are flat, or HREE-
enriched patterns with (La/Yb)N values mostly less than 1. 
All samples show negative Ce anomalies and positive Y 
anomalies. The Ce/Ce* values of the Sidazhai Formation 
cherts from Ziyun and Hechi are 0.43±0.12 and 0.33±0.17, 
respectively, lower than those of the Tapi Formation cherts 
from Malipo (Ce/Ce*=0.68±0.19). Eu anomalies are not 
present in any samples except for some Tapi Formation 
samples (Fig. 6f). The total REE contents (∑REE+Y) 
of Sidazhai Formation cherts from Ziyun and Hechi are 
29.05±28.56 ppm, and 29.13±33.72 ppm, respective-
ly, similar to those of the Tapi Formation from Malipo 
Fig. 6 REE+Y patterns of the Luzhai Formation, Sidazhai Formation and Tapi Formation samples normalized to PAAS.
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(∑REE+Y=22.17±21.22 ppm).
5 Discussion
5.1 Origin
High Fe and Mn concentrations are the result of hydro-
thermal activity, whereas high Al and Ti concentrations are 
related to the input of the terrigenous material. Bostrom 
and Peterson (1969) proposed that Al/(Al+Fe+Mn) values 
are an indication of the hydrothermal contribution to sedi-
mentary cherts. Al/(Al+Fe+Mn) values show a gradual 
increase with increasing distance away from a spreading 
center; Adachi et al. (1986) and Yamamoto (1987) propose 
that Al/(Al+Fe+Mn) values increase from 0.01 (a hydro-
thermal end-member) to 0.60 (a biogenic end-member). 
Though it is doubtful whether Al/(Al+Fe+Mn) values 
could be used to be an indicator of the hydrothermal con-
tribution to siliceous limestones, all siliceous limestone 
samples (except for samples Sdg1 and Ps5) have high 
Al/(Al+Fe+Mn) values (0.54-0.80). On the Al-Fe-Mn
diagram (Fig. 7), all the Liujiang and Luzhai Formation 
cherts, except for the lowermost cherts of the Luofu sec-
tion at Nandan (D23, D26 and D29) and sample C0 and 
C5, plot far away from the hydrothermal field with high 
Al/(Al+Fe+Mn) values (0.38-0.94) and may be consid-
ered to be non-hydrothermal cherts. Samples D23, D26, 
D29, C0 and C5 from Nandan have low Al/(Al+Fe+Mn) 
values (0.16-0.33), indicating an intense hydrothermal in-
put. The Sidazhai Formation cherts from Ziyun generally 
have high Al/(Al+Fe+Mn) values (0.60-0.78), except for 
sample Sdg5, suggesting little contribution from a hydro-
thermal component. In addition, on the Al-Fe-Mn dia-
gram (Fig. 7), the Sidazhai Formation cherts from Hechi 
and the Tapi Formation cherts from Malipo mostly plot far 
away from the non-hydrothermal field, except for samples 
Ps2, Ps3, Pd8 and Pd10, with low Al/(Al+Fe+Mn) values 
(0.09-0.41), indicating an intense hydrothermal input.
5.2 Depositional environment
Many studies have shown that REEs, particularly Ce 
anomalies (Ce/Ce*) in cherts, because of their immobil-
ity during diagenesis (Murray et al., 1992a), can be used 
to assess the depositional environment (Murray et al.,
1990, 1991; Girty et al., 1996; Chen et al., 2006; Hara 
et al., 2010; Huang et al., 2013). In seawater, Ce3+ may 
be oxidized to the relatively insoluble Ce4+, which is ad-
sorbed on organic particulates, or Fe-Mn oxyhydrox-
ides, and consequently the remaining solution will tend to 
exhibit a negative Ce anomaly (Liu et al., 1988; Holser, 
1997). Based on geochemical analyses of bedded cherts 
from the Franciscan Complex of California, Murray et
al. (1990, 1991) demonstrated that cherts deposited near 
the spreading ridge (within 400 km) under the influence 
of metalliferous activity are characterized by extremely 
low Ce anomalies (0.28±0.12), those from an ocean-basin 
floor setting exhibit well-developed yet less extreme Ce 
anomalies (0.56±0.10), and those from continental margin 
Fig. 7 Al-Fe-Mn diagram of cherts (after Adachi et al., 1986).
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regimes (> 2800 km from spreading ridge) demonstrate 
no or slight anomalies (1.02±0.24). The Ce/Ce* values of 
the Liujiang Formation and Luzhai Formation cherts are 
lower than those of cherts forming in continental margin 
regimes and higher than those of cherts forming within 
open-ocean basins in California, suggesting that these 
cherts were deposited in an environment significantly far 
from terrigenous sources, i.e., in an open marine (rift) ba-
sin. The Ce/Ce* values of the Sidazhai Formation cherts 
are lower than those of cherts forming within open-ocean 
basins and higher than those of cherts deposited near the 
spreading ridge, indicating negligible terrigenous input 
and that these cherts may have been deposited in an envi-
ronment similar to an open-ocean basin. The Tapi Forma-
tion cherts, with higher Ce/Ce* values than the Sidazhai 
Formation cherts, may have been deposited in an environ-
ment relatively near the continental margin. Though diage-
netic dilution by SiO2 can affect REE and Al2O3 contents 
(Murray, 1994; Huang et al., 2013), the Liujiang Forma-
tion cherts from Nandan and Yutang and the Tapi Forma-
tion cherts show an excellent positive correlation between 
Al2O3 and ∑REE+Y (Fig. 8), probably due to the effect of 
terrigenous input (Murray et al., 1992b). However, cherts 
especially from the Luzhai and Sidazhai Formations show 
a broad correlation between Al2O3 and ∑REE+Y (Fig. 8). 
This may be attributed to adsorption from seawater and 
diagenetic dilution by SiO2. The excess ∑REE+Y contents 
caused by adsorption from seawater in open-ocean basins 
are higher than those near the continental margin (Murray 
et al., 1992b). 
The behavior of Y and Ho is very close due to the simi-
larity in their ionic radii. Average upper continental crust 
and PAAS compositions have similar Y/Ho ratios (26-28)
to the chondritic material (Taylor and McLennan, 1985; 
Kamber et al., 2005). Although Y/Ho ratios of highly 
evolved granitic rocks deviate from the chondritic value 
(Bau et al., 1996), mid-ocean-ridge, ocean-island basalts 
and peridotite xenoliths (Jochum et al., 1986) are also 
similar to the chondritic Y/Ho ratio (Tanaka et al., 2008). 
Y fractionation from Ho has been identified mainly in car-
bonates associated with marine (Zhang et al., 1994; Bau et
al., 1996; Nozaki et al., 1997) or estuarine waters (Nozaki 
et al., 2000; Lawrence et al., 2006). The removal rate for 
Ho is greater than that for Y in seawater (The mean oce-
anic residence time is 5100 years for Y and 2700 years 
for Ho) (Nozaki et al., 1997). Hence, the Y/Ho ratio in 
seawater is higher than that in rivers and estuarine wa-
ters. The Y/Ho ratio in rivers is similar to that of PAAS, 
and lower than that in seawater (Y/Ho=55) (Nozaki et al.,
1997; Lawrence et al., 2006). The Ce/Ce* and Y/Ho values 
of cherts forming in continental margin regimes from the 
Shoo Fly Complex (Girty et al., 1996) are 1.05±0.05 and 
26.34±1.38, and those deposited in deep-sea pelagic en-
vironments from the Sasayama area in Japan (Kato et al.,
2002) have lower Ce/Ce* values (0.73±0.25) and higher 
Y/Ho values (36.80±4.58). Thus, the Y/Ho values may 
also be used to assess depositional environments. All the 
studied samples have greater Y/Ho values than those of 
average upper continental crust, except for the Luzhai For-
mation cherts (Y/Ho=28.63±1.17) from Nandan (Table 3). 
The Luzhai Formation cherts from Nandan have negative 
Ce anomalies (0.58±0.17), indicating that the low Y/Ho 
values are not related to high amounts of terrigenous in-
put. Based on previous data about Y and Ho in sediments, 
we found that Y/Ho values, lower than that of PAAS, ex-
ist only in deep-sea ferromanganese nodules or crusts (Y/
Ho=15-27) (Bau et al., 1996; Ohta et al., 1999). Consider-
ing the higher MnO contents (up to 0.52%) of cherts from 
Nandan, the low Y/Ho values may be related to deep-sea 
ferromanganese nodules or crusts. The Liujiang Formation 
cherts from Yanxin and the Sizhdazhai Formation cherts 
from Sidazhai and Hechi have higher Y/Ho values with 
lower Ce/Ce* values, which further suggests that these 
cherts were deposited in an environment away from the 
terrigenous input.
5.3  Implications for the evolution of the basin
The Youjiang Basin is a continental margin basin be-
tween the Yangtze Block and Vietnam Block, rifted and 
formed after the Guangxi (Caledonian) Orogeny under-
went deplanation (Du et al., 2013). Following the opening 
Fig. 8 Diagram for the correlation of Al2O3 versus (∑REE+Y).
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and spreading of the Paleo-Tethys, the southern Yangtze 
Block rifted and the initial Youjiang Basin formed (Guo 
et al., 2004). Oceanic island basalts during the Late Devo-
nian to the Early Carboniferous are reported at Napo, Jin-
gxi and Yangxu (Wang et al., 1997; Guo et al., 2004), and 
resulted from the progressive rifting of the basin. Zhong et
al. (1999) discovered N-MORB-type ophiolites at Babu in 
Malipo, which had been considered as a part of the Babu 
Suture (Zhong et al., 1999; Cai and Zhang, 2009; Zhang 
and Cai, 2009; Metcalfe, 2013). The Sm-Nd isochron age 
of 328.3 Ma from the Babu ophiolites indicates that the in-
itial oceanic basin formed in the Early Carboniferous (Wu 
et al., 2001). The ocean basin began its southwest subduc-
tion beneath the Vietnam Block during the Late Permian, 
and began to close with the subduction of oceanic litho-
sphere and shifted into the collision stage during the early 
Middle Triassic (Cai and Zhang, 2009; Yang et al., 2012; 
Du et al., 2013).
The Liujiang and Luzhai Formation cherts (except for 
the Luzhai Formation cherts from Badu) from the north of 
the Youjiang Basin have intermediate negative Ce anoma-
lies (Fig. 9) and higher Y/Ho values, indicating that the 
basin might have quickly evolved from an intracontinental 
rift basin starting from the Early Devonian into an open 
rift basin in the Late Devonian-Early Carboniferous. The 
Luzhai Formation cherts at Badu have no negative Ce 
anomalies (1.09±0.07) and no significant Y-Ho fractiona-
tion (Y/Ho=28.60±1.25), which may indicate deposition 
near a seamount or seafloor plateaus (Huang et al., 2013). 
Under this circumstance, the three elongate interplatform 
trough systems could be much wider than the presently 
preserved widths, such that the terrigenous input from the 
Yangtze Block to the north and the Vietnam Block to the 
south were mostly entrapped by the carbonate platform 
and elongate trough system, and barely reached the study 
area (Fig. 10). The Ce/Ce* values of Liujiang Formation 
cherts gradually decrease from the Danchi rift trough to 
the Napo rift trough (Fig. 9), indicating that the terrigenous 
input from the Yangtze Block gradually decreased from 
the north to the south. The Liujiang Formation cherts from 
Malipo have higher Ce/Ce* values (0.93±0.23) and lower 
Y/Ho values (26.39±3.87) (Ren et al., 2011), which may 
be related to the high amounts of terrigenous input from 
the Vietnam Block. The Liujiang Formation cherts from 
Napo have negative Ce anomalies and positive Y anoma-
lies (Fig. 5c, 5d), suggesting smaller terrigenous input than 
those from Malipo. This may reflect that the Liujiang For-
mation cherts from Malipo were deposited in the southern 
Fig. 9 The Ce/Ce* values of the Late Paleozoic cherts from the Youjiang Basin. Sidazhai Formation cherts (at Laibin) data from 
Qiu and Wang, 2011; Liujiang Formation, Luzhai Formation and Sidazhai Formation cherts (at Badu) data from Huang et al., 2013; 
Liujiang Formation cherts (at Nanning) data from Wang et al., 2007; Liujiang Formation cherts (at Malipo) data from Ren et al., 2011. 
Spreading ridge, open-ocean basin and continental margin cherts data from Murray et al., 1991.
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part of the Napo rift trough, near the Vietnam Block, and 
those from Napo were deposited in the north of the trough. 
The Napo rift trough was wide enough to prevent the ter-
rigenous input during the precipitation of Liujiang Forma-
tion cherts at Napo. 
The Sidazhai Formation cherts from the north of the 
Youjiang Basin have low Ce/Ce* values (Fig. 9) and high 
Y/Ho values (Table 3), similar to seawater values in the 
western North Pacific (Ce/Ce*=0.15±0.13, Y/Ho=56.10) 
(Alibo and Nozaki, 1999). The Tapi Formation cherts from 
Malipo, with higher Ce/Ce* values and lower Y/Ho val-
ues, were affected by terrigenous input. This indicates that 
the Babu branch ocean had evolved into an open-ocean 
basin during the Early-Middle Permian, which prevented 
the Vietnam Block from supplying terrigenous material 
to the Youjiang Basin (Fig. 10). Under this circumstance, 
the Tapi Formation cherts at Malipo were deposited on the 
continental margin. The absence of terrigenous input in-
dicates the cherts were not deposited in a back-arc basin 
during the Early-Middle Permian as previously assumed. 
Cherts formed in a back-arc basin or a rifted-arc basin gen-
erally do not show negative Ce anomalies with a greater 
amount of terrigenous input (Armstrong et al., 1999; Du 
et al., 2007). Considering that cherts in the north of the 
Youjiang Basin were not deposited as part of ophiolites, 
we come to the conclusion that these cherts were depos-
ited on a passive continental margin (Fig. 8). During the 
Early-Middle Permian, the carbonate platform sediments 
were widely deposited on the Yangtze Block (Feng et al.,
1997). Thus, terrigenous material from the Yangtze Block 
was negligible for the Youjiang Basin. The Early-Middle
Permian cherts from the north of the Youjiang Basin retain 
the geochemical characteristics of the open-ocean basin 
cherts, indicating that the Youjiang Basin was still adjacent 
to the open-ocean basin (Fig. 10). Upwelling may be one 
possible mechanism, which has been successfully used to 
interpret similar geochemical characteristics of Cambrian 
cherts from the northern Tarim Basin (Yu et al., 2009). The 
Yangtze area has been demonstrated to exhibit widely dis-
tributed upwelling, which might have played an important 
role during the deposition of cherts in the Early-Middle
Permian (Lu and Qu, 1990; Yang and Feng, 1997; Kameta-
ka et al., 2005; Luo and He, 2011). Upwelling could trans-
port seawater and the hydrothermal source from the open-
ocean basin to the passive continental margin and result in 
cherts bearing similar geochemical characteristics to the 
open-ocean seawater (negative Ce anomalies and positive 
Y anomalies). Although cherts from the Youjiang Basin 
were not directly deposited in an open-ocean basin, their 
geochemical characteristics demonstrate the existence of 
the Babu branch ocean and that the ocean had evolved into 
an open-ocean basin during the Early-Middle Permian.
6 Conclusions
Late Paleozoic cherts are widely distributed in inter-
platform basinal successions of the Youjiang Basin. Most 
of the Liujiang Formation and Luzhai Formation cherts 
have high Al/(Al+Fe+Mn) values and are therefore con-
sidered to be non-hydrothermal cherts. The intermediate 
negative Ce anomalies and higher Y/Ho values indicate 
that the Youjiang Basin might have evolved into an open 
rift basin in the Late Devonian-Early Carboniferous. The 
Sidazhai Formation cherts from Ziyun generally have high 
Al/(Al+Fe+Mn) values, suggesting little contribution of a 
hydrothermal component. The Sidazhai Formation cherts 
from Hechi and the Tapi Formation cherts from Malipo 
generally have low Al/(Al+Fe+Mn) values, indicating an 
Fig. 10 The tectonic evolution of the Youjiang Basin from the Devonian to the Middle Permian.
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intense hydrothermal input. The Tapi Formation cherts 
from Malipo were affected by terrigenous input with high-
er Ce/Ce* values and lower Y/Ho values, relative to Si-
dazhai Formation cherts, which may be due to terrigenous 
materials from the Vietnam Block. The Sidazhai Forma-
tion cherts with low Ce/Ce* values and high Y/Ho values 
were deposited on a passive continental margin. These 
cherts from the north of the Youjiang Basin retain the geo-
chemical characteristics of the open-ocean basin cherts, 
indicating that the Youjiang Basin was still adjacent to 
the open-ocean basin during the Early-Middle Permian, 
which may have contributed to upwelling. Detailed spatial 
studies on geochemical characteristics of the Late Paleo-
zoic cherts can be used to unravel the evolutionary process 
of the Youjiang Basin.
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